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Five different atmospheric transport and dispersion model’s (ATDM) deposition and air concentration
results for atmospheric releases from the Fukushima Daiichi nuclear power plant accident were evalu-
ated over Japan using regional 137Cs deposition measurements and 137Cs and 131I air concentration time
series at one location about 110 km from the plant. Some of the ATDMs used the same and others
different meteorological data consistent with their normal operating practices. There were four global
meteorological analyses data sets available and two regional high-resolution analyses. Not all of the
ATDMs were able to use all of the meteorological data combinations. The ATDMs were conﬁgured
identically as much as possible with respect to the release duration, release height, concentration grid
size, and averaging time. However, each ATDM retained its unique treatment of the vertical velocity ﬁeld
and the wet and dry deposition, one of the largest uncertainties in these calculations. There were 18
ATDM-meteorology combinations available for evaluation. The deposition results showed that even
when using the same meteorological analysis, each ATDM can produce quite different deposition pat-
terns. The better calculations in terms of both deposition and air concentration were associated with the
smoother ATDM deposition patterns. The best model with respect to the deposition was not always the
best model with respect to air concentrations. The use of high-resolution mesoscale analyses improved
ATDM performance; however, high-resolution precipitation analyses did not improve ATDM predictions.
Although some ATDMs could be identiﬁed as better performers for either deposition or air concentration
calculations, overall, the ensemble mean of a subset of better performing members provided more
consistent results for both types of calculations.
Published by Elsevier Ltd.nse (http://creativecommons.
: þ1 301 683 1370.
ler).
r Ltd.1. Introduction
The World Meteorological Organization (WMO) organized an
effort to assist the United Nations Scientiﬁc Committee on the Ef-
fects of Atomic Radiation (UNSCEAR) in its assessment of the
Fukushima Daiichi accident. TheWMO convened a small Task Team
(TT) consisting of experts from Japan, United Kingdom, Canada,
Austria, and the United States to examine how the use of meteo-
rological analyses and additional meteorological observations
could improve atmospheric transport, dispersion and deposition
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184 173calculations for efﬂuents released into the atmosphere during the
Fukushima Daiichi nuclear power plant accident.
A summary of the meteorological conditions during the critical
phases of the atmospheric emissions is given in theWMO TT report
(WMO, 2013) and by several other researchers (Morino et al., 2011;
Kinoshita et al., 2011; Stohl et al., 2012; Sugiyama et al., 2012).
Brieﬂy, from March 9th to 12th a weak low pressure trough over
eastern Japan caused light rain to be observed. Then a high pressure
systemmoved eastward along the south coast of the main island of
Japan from the 12th through the 13th. From March 14th to 15th
another weak low pressure trough moved eastward off the south-
ern coast of the main island then moved toward the northeast
while developing rapidly after the 15th. In particular, rain was
observed in the Fukushima prefecture during the night from 1700
JST1 March 15 to 0400 JST March 16 (Kinoshita et al., 2011), a time
corresponding with signiﬁcant emissions. High pressure domi-
nated on March 18th and 19th and the winds were generally from
the west. A low pressure system passed over the main island from
March 20th to the 22nd causing moderate rain near Tokyo.
Several modeling studies have already been conducted, from the
local scale examining the major contamination episode of March
15th (Chino et al., 2011), to a more regional scale simulation
covering Japan (Morino et al., 2011; Yasunari et al., 2011; Katata
et al., 2012; Le Petit et al., 2012), and to the global scale
(Takemura et al., 2011; Stohl et al., 2012; Christoudias and Lelieveld,
2013). The modeling results generally support the case that the
high-deposition area over the middle of the Fukushima prefecture
was primarily caused by the deposition that occurred on March
15th.
For the WMO evaluation, each TT member ran their organiza-
tion’s atmospheric transport, dispersion and deposition model
(ATDM) with the various meteorological data available. All calcu-
lations were made using a unit emission and divided into inde-
pendent 3-h emission segments. Air concentration and deposition
was calculated after the more time consuming transport and
dispersion calculations were completed by multiplying the model
results by the time-varying emission rates and decay rates for each
species. As part of the evaluation, predictions from each of the
ATDM calculations as well as the ensemble mean calculation were
compared to the observed 137Cs deposition pattern and the time
series of 137Cs and 131I air concentrations at a single downwind
location.2. Atmospheric transport and dispersion models
The meteorological evaluation of the Fukushima accident was
sponsored by the WMO and the TT members were all from coun-
tries participating in the WMO emergency response program. The
ATDMs used by the TT members included MLDP0 (Modèle Lagran-
gien de Dispersion de Particules d’ordre 0 e Canada), HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory Model e
United States), NAME (Numerical Atmospheric-dispersion Model-
ling Environment e United Kingdom), RATM (Regional Atmo-
spheric Transport Model e Japan), and FLEXPART (Lagrangian
Particle Dispersion Model e Austria). All the ATDMs are of a class of
models called Lagrangian Particle Dispersion Models (LPDMs). The
transport and dispersion of individual pollutant particles or gases
are simulated in a computational framework that follows the po-
sition of the individual element by its mean motion from the wind
ﬁelds and a turbulent component to represent the dispersion.1 JST (Japan Standard Time) ¼ UTC þ 9 h, i.e. JST is 9 h ahead of Coordinated
Universal Time (UTC).These models are all run off-line, meaning that the meteorological
ﬁelds need to be available as input to the ATDM.
MLDP0 is a dispersionmodel designed for long-range dispersion
problems occurring at regional and global scales (D’Amours and
Malo, 2004; D’Amours et al., 2010). Wet deposition is treated
with a simple wet scavenging rate scheme and occurs when a
particle is in a cloud. Below-cloud scavenging is not considered in
the operational version of MLDP0. In contrast to all the other
ATDMs the precipitation ﬁeld is not used directly byMLDP0, but the
tracer removal rate is proportional to the local cloud fraction and
particle mass.
HYSPLIT is described in more detail by Draxler and Hess (1997,
1998). Similar to many of the other ATDMs, wet scavenging is
parameterized through exponential removal constants where the
deposition each time step depends upon the particle mass and
precipitation rate. For in-cloud processes, a scavenging coefﬁcient
is deﬁned, the ratio of the pollutant’s concentration in water to its
concentration in air. Below-cloud removal is deﬁned directly as a
rate constant, independent of the precipitation rate. The wet
deposition of gases depends upon their solubility and for inert non-
reactive gases it is a function of the Henry’s Law constant, the ratio
of the pollutant’s equilibrium concentration in water to that in air.
NAME is used to model the atmospheric transport and disper-
sion of a range of gases and particles (Maryon et al., 1999; Jones
et al., 2007). The removal of material from the atmosphere by
wet deposition is based on the air concentration and a scavenging
coefﬁcient that depends upon the rainfall rate and two coefﬁcients
which vary for different types of precipitation (large-scale or
convective and rain or snow) and for different wet deposition
processes. Wet deposition due to convective and large-scale pre-
cipitation is computed separately and summed to give total wet
deposition. Material located above the cloud top is not subject to
wet deposition. Enhanced wet deposition is applied to material
close to the ground in regions of elevated orography.
RATM is the tracer transport model designed to be driven by the
mesoscale analysis data. The original version of RATM has been
used for operational products at JMA including photochemical ox-
idants and tephra fall forecasts. Themodel description can be found
in Shimbori et al. (2010) and Saito (2012). The treatment of radio-
nuclides is a new application implemented for the WMO TT eval-
uation. The removal of material by wet deposition is also given by a
below-cloud scavenging rate (Kitada, 1994) which depends upon
the precipitation intensity. Wet deposition for gases is considered
only as an in-cloud scavenging rate (Hertel et al., 1995) which de-
pends upon the liquid water content, temperature, and cloud
thickness. Wet deposition is applied only for particles or gases
below 1500 m.
FLEXPART (Stohl et al., 1998, 2005) is applied to many different
atmospheric transport modeling applications, ranging from emer-
gency response, research, and nuclear releases (Stohl et al., 2012).
As with the other ATDMs, deposition processes are expressed by a
loss of mass through an exponential decay of the particle mass and
where the scavenging coefﬁcients have a different formulation and
user supplied values, for below-cloud scavenging (following
McMahon and Denison, 1979), in-cloud scavenging (following
Hertel et al., 1995), or species type such as gases or aerosols.
3. Meteorological analysis data
There were four global meteorological analyses data sets avail-
able (Canada, United States, European Center, UK Met Ofﬁce) and
two regional high-resolution analyses (Japan) for use by the
ATDMs.
The Canadian Meteorological Centre (CMC) is part of the
Meteorological Service of Canada and is the national center for
Fig. 1. The larger red box shows the domain of the JMA mesoscale analysis on its
Lambert Conformal projection and the inner blue box shows the latitudeelongitude air
concentration and deposition grid. Calculations occur within the meteorological data
grid. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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complete integrated suite of NWP models under an infrastructure
called the Global Environmental Multiscale (GEM) system (Côté
et al., 1998a,b). The GEM system executed in a global conﬁgura-
tion is called the Global Deterministic Prediction System (GDPS,
CMC, 2009; Bélair et al., 2009; Charron et al., 2012). The GDPS in-
cludes a 4D variational data assimilation system and is run twice a
day (00 and 12 UTC). Analyses are available at a 6-h frequency at 00,
06, 12, 18 UTC. The horizontal grid mesh of the GDPS is deﬁned at
33 km (0.3 horizontal resolution)2 and the vertical discretization is
over 80 hybrid-pressure levels. A post-processing task of the GDPS
interpolates the data from the native hybrid-pressure coordinate
system to the standard eta coordinate system on 58 vertical levels.
This global meteorological analyses database is used to drive
MLDP0. A total of 30 eta vertical levels were selected for the ATDM
calculations including 14 levels within the 2-km above ground layer
(AGL; below w800 hPa) in order to resolve properly physical pro-
cesses taking place in the atmospheric boundary layer.
The National Oceanic and Atmospheric Administration’s (NOAA)
National Weather Service’s National Centers for Environmental
Prediction (NCEP) runs a series of computer analyses and forecasts
operationally. One of the systems is the GDAS (Global Data
Assimilation System) which is part of the Global Forecast System
(Kanamitsu,1989; Kanamitsu et al., 1991). The GDAS is run 4 times a
day (00, 06, 12, and 18 UTC). Model output is for the analysis time
and 3, 6, and 9-h forecasts. Post-processing of the GDAS converts
the data from spectral coefﬁcient form to half degree latitude-
longitude grids and from sigma levels to mandatory pressure
levels. The successive analyses and 3-h forecasts four times each
day produce a continuous data archive. The NOAA ATDM used the
GDAS data on the native hybrid vertical coordinate system and
calculations by the Zentralanstalt für Meteorologie und Geo-
dynamik’s (ZAMG) FLEXPART also used the GDAS data, but on
isobaric levels.
The European Centre for Medium-Range Weather Forecasts
(ECMWF) produces a high-resolution global forecast twice daily at
00 UTC and 12 UTC. It is a spectral NWP model (Simmons et al.,
1989) using a 4D variational data assimilation system (4D-Var),
see Rabier et al. (2000) and Mahfouf and Rabier (2000) with 91
vertical levels. Archived model ﬁelds have been extracted from the
ECMWF archive at a temporal resolution of 3 h as a sequence of
short-period forecasts from successive forecast cycles of the oper-
ational global model. Meteorological ﬁelds were retrieved by the
UK Met Ofﬁce on a regular latitude-longitude grid at 0.125 by
0.125 resolution for use by NAME and HYSPLIT, and at 0.2 by 0.2
resolution by ZAMG for FLEXPART over a region centered on Japan.
The operational global conﬁguration of the Met Ofﬁce Uniﬁed
Model, MetUM (Davies et al., 2005) was only used for calculations
with NAME. The global version of the Uniﬁed Model uses an in-
cremental 4D-Var. Forecasts are produced on a 6-h cycle to give
four forecast runs per day. Model ﬁelds are output for NAME at a
temporal resolution of 3 h, and archive data therefore consist of
alternating model analyses and 3-h forecasts. Meteorological ﬁelds
from the global model have an approximate horizontal resolution
of 25 km in the mid-latitudes, with 70 vertical levels extending to
an altitude of 80 km (but only the lowest 59 model levels up to
approximately 30 km are used for NAME applications). Meteoro-
logical data is interpolated in both space and time within NAME.
The Japan Meteorological Agency (JMA) provided their meso-
scale analyses ﬁelds for the period 11e31 March 2011, at three-2 The GDPS horizontal grid mesh has been changed to 25 km in February 13th
2013 (for additional details: http://collaboration.cmc.ec.gc.ca/cmc/cmoi/product_
guide/docs/lib/op_systems/doc_opchanges/technote_gdps300_20130213_e.pdf).hourly intervals and at a 5-km horizontal resolution. The meso-
scale analyses (MESO) are produced by the operational non-
hydrostatic 4D-Var system of JMA and it assimilates a variety of
local meteorological observations, including GPS-derived total
precipitable water vapor and radar/rain gauge-analyzed precipita-
tion (RAP; see Honda et al., 2005; Saito et al., 2007; Honda and
Sawada, 2008 for more detailed discussions). The MESO domain
covered a region of about 3000 by 3000 km on a Lambert
Conformal projection (see Fig. 1) with 50 levels up to about 21 km
above ground.
It was recognized that perhaps the most critical element in the
deposition calculations was getting the precipitation correct, and
the incorporation of the JMA radar/rain gauge-analyzed precipita-
tion ﬁelds (RAP, available every 30 min at 1-km resolution) was
essential to the resulting deposition computations. JMA also pro-
vided the RAP dataset (Nagata, 2011), independently of the MESO
analysis, at 30 min intervals, with a horizontal resolution of 45 s in
longitude and 30 s in latitude covering a region from 118 to 150
east longitude and from 20 to 48 north latitude. A more detailed
discussion of the JMA precipitation is given by Saito et al. (2014).
Several of the ATDM calculations used global meteorological anal-
ysis in combination with the high-resolution radarerain gauge
precipitation, essentially replacing the model precipitation ﬁeld
with the RAP precipitation rate, for the wet deposition calculation.
The analysis data characteristics are brieﬂy summarized in
Table 1. Each member of the TT would run their ATDM with the
meteorological data they normally use for operational dispersion
predictions and also, if technically possible, one or more of the
other analyses. Not all of the ATDMs were able to use all of the
meteorological data combinations depending upon the level of
ATDM code modiﬁcation required to use different analyses. The 18
completed ATDM-meteorology combinations are listed Table 2.4. ATDM simulation conﬁguration
All the ATDMs were conﬁgured identically as much as possible
in terms of the dispersion and deposition conﬁguration such as
release duration, height, concentration grid size and time resolu-
tion. Each ATDM retained its unique treatment of wet and dry
Table 2
ATDM-meteorology simulations completed (C) by each participating ATDM model
(rows) with different meteorological data (columns) and also the ATDM simulations
enhanced with the RAP data (R).
Data/model CMC NOAA ECMWF MetUM JMA
CMC-MLDP0 C C
JMA-RATM C, R
NOAA-HYSPLIT C, R C, R C, R
UKMET-NAME C C C, R
ZAMG-FLEXPART C, R C, R
Table 1
Summary of the meteorological analyses ﬁelds available for the ATDM calculations.
Meteorological Center’s product Acronym Space Time Vertical
CMC’s Global Environmental Multiscale system GEM 0.30 6 h Sigma
NOAA’s Global Data Assimilation System GDAS 0.50 3 h Hybrid sigma
The European Centre for Medium-Range Weather Forecasts ECMWF 0.125 and 0.2 3 h Hybrid sigma
UKMET’s operational global Uniﬁed Model MetUM 0.23 by 0.35 3 h Height levels
JMA’s mesoscale analyses ﬁelds MESO 5 km 3 h Hybrid height levels
JMA’s radarerain gauge-analyzed precipitation RAP 1 km 30 min Surface
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and thereby providing for a range of possible solutions. In general,
these ATDMs use comparable transport and dispersion schemes
that are primarily dependent upon the input meteorological data.
However, one other signiﬁcant difference between the ATDMs was
the treatment of the vertical velocity ﬁeld in the MESO analysis. In
the CMC model the ﬁeld was not used but diagnosed from the
divergence, in the JMA model the ﬁeld was ﬁrst spatially averaged
and the lowest velocity set to zero, while the UKMET and NOAA
models used the ﬁeld directly after conversion to a terrain
following coordinate.
The ATDM air concentration and deposition output ﬁelds were
conﬁgured to use a regular latitude-longitude grid (601 by 401 grid
cells) with the output averaged at 3-hourly intervals at 0.05 (5 km)
horizontal resolution and 100 m vertical resolution. The domain
was over the northeast corner of the JMA mesoscale analysis grid
(see Fig. 1). In all ATDM calculations, particles that exited the con-
centration grid may still be on one of the meteorological data grids
and computations would continue until the particle was termi-
nated due to exceeding its maximum age (72 h) or exiting the
meteorological grid. The simulations are conducted for the period
11 through 31 March 2011.
To allow maximum ﬂexibility regarding the release rates of key
nuclides, the computations were based on the concept of source-
receptor matrices, in this connection also called transfer coefﬁ-
cient matrices (TCM e Draxler and Rolph, 2012). Each 3-h release
period was treated as an independent computation. The period of
11e31March required 168 simulations. The 72 hmaximum particle
duration was selected to speed up the regional dispersion compu-
tations for ATDMs using global meteorological data.
Computations were done using a unit release rate (1 Bq/h)
assuming the emissions were uniformly distributed from the
ground to 100 m AGL. The initial uniform vertical distributionwas a
compromise solution for the unknown variations in release height.
Three generic species were tracked as surrogates for the radionu-
clides: a gas with no wet or dry scavenging (non-depositing gas),3 a
gas with a relatively large dry deposition velocity and wet removal
to represent gaseous 131I (depositing gas), and a particle with a
small deposition velocity (light particle) to represent the remaining3 Non-depositing gases are used to mimic noble gases, such as 133Xe.radionuclides, such as 137Cs for example. In this way the calcula-
tions could be post-processed for the air concentration and depo-
sition for most radionuclides emitted from a reactor accident
without any prior knowledge of the detailed emissions scenario. In
the post-processing step, the results from each ATDM simulation
would be multiplied by the actual emission rate and decay constant
for the radionuclide desired. The individual simulation results are
then added together for each output time period.
The TCM approach easily permits the testing of multiple emis-
sion scenarios. For the results shown here, the emissions originally
derived by Chino et al. (2011) and later modiﬁed by Terada et al.
(2012) are used. The emission rates were aggregated into 168
values representing the hourly emission rate for each simulation
valid over one 3 h emission period (Fig. 2). To assist the TT evalu-
ation efforts, a web interface (http://ready.arl.noaa.gov/READY_
fdnppwmo.php) was designed to permit the selection of the
ATDM, emission rate, radionuclide, and measurement data. The
web interface output provides graphical results in a common
format for all models, model performance statistics compared with
measurement data, and various output options from the native
binary, text based, or NetCDF.
5. Measurement data for model evaluation
The TT concluded that the best overall metric would be to
evaluate the ATDM’s performance with each meteorological data
combination by comparing the model predicted patterns of 137Cs
deposition to the available deposition measurements. The accu-
mulated 137Cs deposition ﬁeld has the advantage of providing
measurements over a wide region. One disadvantage is that the
bulk of the deposition occurred during only a few time periods
associated with precipitation. In addition, there is considerable
interest in how well the ATDM-meteorology combinations can
represent the air concentration data. However, in terms of radio-
nuclide speciﬁc measurements, air concentration data were avail-
able at only a few locations. The more abundant gamma dose
measurements were not used due to their dependence upon
detailed knowledge of the emissions of multiple species contrib-
uting to the dose as well as the complicating effects of previously
accumulated deposition on the current dose measurement.
To perform a quantitative analysis of the ATDM-meteorology
combinations requires a digital version of the now frequently
reproduced 137Cs deposition graphic ﬁrst reported by the Japanese
Ministry of Education, Culture, Sports and Science and Technology
(MEXT) and subsequently published (Kinoshita et al., 2011). How-
ever, only some of the measurements contributing to this graphic
are available in digital form and they have been merged into an
equivalent product that is used for the ATDM-meteorology evalu-
ations. The version used here includes measurements taken by the
U.S. Department of Energy’s (USDOE, 2011) ﬁxed-wing aircraft from
2 April 2011 to 9 May 2011 and ground-based measurements by
MEXT (MEXT, 2011). It is assumed that the data collected early in
the period (2 April) could be used as proxy for the total deposition
on 31 March (end of the modeling period). The collected aircraft
Fig. 2. The time-varying emissions in Becquerel per hour at 3 h intervals for 137Cs (red line) and particulate 131I (blue line) used for the ATDM-meteorology evaluations. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(0.05 resolution) to that used in the ATDM calculations. The
aircraft based sampling covered 374 grid points and blending in the
additional ground-based data resulted in a total 543 deposition grid
points. The blended 137Cs deposition measurements are shown in
Fig. 3. Although the spatial coverage is more limited than some of
the other published data, the blended measurement data captures
the primary deposition maximum in the Fukushima prefecture.
Also note how the deposition is limited by the elevated terrain to
the west of Fukushima.
After the accident at the Fukushima Daiichi Nuclear Power Plant,
radiation was monitored at the Nuclear Fuel Cycle EngineeringFig. 3. Measured 137Cs deposition based upon aerial and ground-based sampling. The solid d
JMA mesoscale analysis. The arrow with the Tm label points to the Tokai-mura air concentLaboratories, Japan Atomic Energy Agency (JAEA). Furuta et al.
(2011) and Ohkura et al. (2012) provide a summary of the moni-
toring results of dose rates, air concentrations, and deposition. The
TT used the time series of 137Cs and 131I air concentrations
measured by JAEA at Tokai-mura (36.4356N, 140.6025E, about
110 km SSWof Fukushima Daiichi NPP, see location Tm on Fig. 3) for
the ATDM-meteorology evaluations for the period of 11e31 March.
Compared with the more extensive deposition measurements, only
41 samples of 9e12 h duration each were available for analysis.
We also examined the data at the Comprehensive Test Ban
Treaty Organization (CTBTO) Takasaki site (http://www.ctbto.org/
veriﬁcation-regime/the-11-march-japan-disaster/) and in generalark lines show the terrain contours at 250 m intervals (to 2000 m) as derived from the
ration sampling location.
Table 3
ATDM performance for the total 137Cs deposition for each ATDM combination and
the 10-model select ensemble (*) and the ensemble using all 18 members.
Center Variation CC NMSE FB FMS KSP Rank
CMC* GEM 0.75 6.16 0.32 100 19 3.22
CMC* MESO 0.76 8.88 0.44 100 6 3.29
JMA* MESO 0.71 4.81 0.04 100 10 3.38
JMA* MESO-RAP 0.84 3.79 0.56 100 13 3.29
NOAA* ECMWF 0.83 4.20 0.30 100 10 3.44
NOAA ECMWF-RAP 0.55 14.09 0.74 100 33 2.60
NOAA* GDAS 0.87 2.59 0.08 100 6 3.65
NOAA GDAS-RAP 0.67 9.72 0.57 100 23 2.94
NOAA MESO 0.56 5.91 0.38 100 15 2.97
NOAA MESO-RAP 0.48 7.35 0.43 100 16 2.86
UKMET UM 0.46 8.14 0.24 100 30 2.80
UKMET* ECMWF 0.80 2.87 0.11 100 25 3.34
UKMET MESO 0.76 3.86 0.04 100 11 3.45
UKMET* MESO-RAP 0.66 4.86 0.03 100 9 3.33
ZAMG* GDAS 0.67 12.69 0.59 100 10 3.05
ZAMG GDAS-RAP 0.66 18.32 0.84 100 20 2.82
ZAMG ECMWF 0.78 3.84 0.08 100 15 3.42
ZAMG* ECMWF-RAP 0.83 2.55 0.13 100 6 3.56
Ensemble All 0.85 3.27 0.04 100 13 3.57
Ensemble* Select 0.89 2.65 0.04 100 15 3.62
Table 4
ATDM performance for the 137Cs air concentrations at Tokai-mura by model and for
both the 10- and 18-member ensembles. The bold highlight shows the ATDM-
meteorology combination with the best performance for each metric.
Center Variation CC NMSE FB FMS KSP Rank
CMC* GEM 0.10 70.86 1.37 77.5 54 1.56
CMC* MESO 0.26 15.24 L0.09 82.5 34 2.51
JMA* MESO 0.45 16.43 0.40 77.5 44 2.34
JMA* MESO-RAP 0.11 156.29 1.68 65.0 69 1.13
NOAA* ECMWF 0.32 62.96 1.34 67.5 61 1.50
NOAA ECMWF-RAP 0.32 64.29 1.35 67.5 61 1.49
NOAA* GDAS 0.32 71.23 1.37 62.5 71 1.34
NOAA GDAS-RAP 0.32 72.67 1.38 62.5 68 1.36
NOAA MESO 0.18 128.54 1.63 65.0 68 1.19
NOAA MESO-RAP 0.18 127.89 1.63 62.5 69 1.16
UKMET UM 0.10 78.35 1.42 72.5 54 1.49
UKMET* ECMWF 0.17 35.91 0.93 77.5 54 1.80
UKMET MESO 0.29 21.33 0.50 82.5 53 2.13
UKMET* MESO-RAP 0.29 21.95 0.53 82.5 53 2.12
ZAMG* GDAS 0.23 22.88 0.37 60.0 58 1.89
ZAMG GDAS-RAP 0.27 23.83 0.43 60.0 56 1.90
ZAMG ECMWF 0.21 27.93 0.54 60.0 61 1.76
ZAMG* ECMWF-RAP 0.18 30.81 0.56 60.0 71 1.64
Ensemble All 0.27 31.19 0.88 82.5 36 2.10
Ensemble* Select 0.30 26.77 0.77 82.5 34 2.19
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because the ATDM plumes did not intersect the site as frequently, it
was not as good as Tokai-mura for model evaluation purposes. Note
that the ATDM results can be extracted for any location from the
previously cited URL (http://ready.arl.noaa.gov/READY_fdnppwmo.
php).Table 5
ATDM performance for the particulate 131I air concentrations at Tokai-mura by
model and for both the 10- and 18-member ensembles. The bold highlight shows the
ATDM-meteorology combination with the best performance for each metric.
Center Variation CC NMSE FB FMS KSP Rank
CMC* GEM 0.11 52.64 1.26 77.5 46 1.70
CMC* MESO 0.34 11.18 0.12 82.5 24 2.64
JMA* MESO 0.20 16.08 0.23 77.5 35 2.35
JMA* MESO-RAP 0.04 49.28 1.14 65.0 61 1.47
NOAA* ECMWF 0.33 44.94 1.22 67.5 54 1.64
NOAA ECMWF-RAP 0.33 44.90 1.22 67.5 49 1.69
NOAA* GDAS 0.34 54.89 1.28 62.5 66 1.44
NOAA GDAS-RAP 0.35 55.78 1.29 62.5 61 1.49
NOAA MESO 0.07 50.08 1.20 65.0 66 1.39
NOAA MESO-RAP 0.07 49.91 1.20 62.5 64 1.39
UKMET UM 0.09 55.12 1.28 72.5 54 1.55
UKMET* ECMWF 0.21 26.76 0.79 77.5 52 1.91
UKMET MESO 0.30 16.03 0.29 82.5 41 2.36
UKMET* MESO-RAP 0.30 16.56 0.32 82.5 44 2.31
ZAMG* GDAS 0.24 19.46 0.18 60.0 56 2.01
ZAMG GDAS-RAP 0.28 20.02 0.24 60.0 56 2.00
ZAMG ECMWF 0.22 23.37 0.36 60.0 54 1.93
ZAMG* ECMWF-RAP 0.18 26.59 0.38 60.0 64 1.80
Ensemble All 0.26 20.64 0.62 82.5 27 2.31
Ensemble* Select 0.28 17.70 0.50 82.5 27 2.396. Performance measures
Procedures for evaluating ATDM calculations have a long
history (Fox, 1984; Hanna, 1989, 1993; Chang and Hanna, 2004).
The problem eludes simple solutions because the variability in
atmospheric motions cannot be deterministically represented in
any model resulting in the inevitable mismatches between pre-
dicted and measured concentrations paired in space and time.
The ATDM-meteorology evaluation protocol used here follows
the procedures used by Mosca et al. (1998) and Stohl et al. (1998).
Both Mosca et al. (1998) and Stohl et al. (1998) recognized the
problem in dealing with the uncertainties of “near background”
measurement data and avoiding statistical parameters that may
be too sensitive to small variations in the measurement values
such as ratios between measured and calculated concentration.
For a quick evaluation comparison, it is desirable to have a single
parameter, which could be used to determine an overall degree of
model performance. Stohl et al. (1998) found that the ratio based
statistics are the most sensitive to measurement errors while the
correlation coefﬁcient is one of the most robust. Chang and
Hanna (2004) are more critical of the correlation coefﬁcient due
to its sensitivity to high concentrations. Chang and Hanna (2004)
also summarized attempts by several different researchers to
deﬁne a single model evaluation parameter, such as ranking
models by each statistic and then ordering by the total rank. In
our analysis only ﬁve statistical parameters were selected to
represent different evaluation metrics: the correlation coefﬁcient
(CC), the fractional bias (FB), the ﬁgure-of-merit in space (FMS),
the KolmogoroveSmirnov parameter (KSP), and the normalized
mean square error (NMSE). Also a new ranking method (Draxler,
2006) was deﬁned using the ﬁrst four statistics by giving equal
weight to the normalized (0e1) sum of the CC, FB, FMS, and KSP,
such that the total model rank would range from 0 to 4 (from
worst to best).7. Results
There were 18 ATDM-meteorology combinations available for
evaluation plus two more representing the ensemble mean for all
18 members and the ensemble mean for a subset of 10 select
members. The 137Cs deposition results are given in Table 3 bymodel
and statistical metric. The members of the 10-member subset were
selected so that each of the ﬁve ATDMs would be represented by
two different meteorological analyses. The select subset members
are indicated by an asterisk in Table 3. The MESO, ECMWF, GDAS,
and GEM analyses are represented by four, three, two, and one
member(s), respectively. Out of these 10, three meteorological an-
alyses used the RAP for the wet deposition calculations. If one
ATDM had multiple options for different meteorological combina-
tions, the option with the highest Rank score was favored to be
included in the select ensemble.
The bold highlight in Table 3 shows the ATDM-meteorology
combination with the best performance for each metric. In terms
of the Rank, the best performance is the NOAA ATDM with GDAS
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184178data. With respect to FB the best combination is the UKMET-MESO-
RAP calculation. The ZAMG-ECMWF-RAP simulation results in the
smallest NMSE. The best CC is from the 10-member select ensemble
mean. Considering the range in the Rank scores (2.60e3.65) the
difference in Rank between the best member (3.65) and the
ensemble-select (3.62) does not seem particularly large. In fact for
most of the metrics, the ensemble-select provides comparable re-
sults to the best performingmember. It is alsoworth noting that the
10-member ensemble provides slightly better results than the
ensemble mean of all the members.Fig. 4. Results from the CMCmodel using JMA mesoscale analysis data (MESO) for 137Cs depo
at Tokai-mura. The arrow with the Tm label points to the air concentration sampling locatio
the red dashed lines with the plus symbol. (For interpretation of the references to color inAnother interesting result is that when comparing individual
ATDM calculations using global data (CMC-GEM and UKMET-
ECMWF) versus the same models using MESO data, all models
(except NOAA-GDAS) improved (in Rank) when the MESO data are
used. Also when using the RAP data for wet removal, all model
results (JMA, NOAA, UKMET, ZAMG-GDAS), except ZAMG-ECMWF-
RAP, were inferior to the calculations using the meteorological
model derived precipitation ﬁelds. A more detailed analysis of the
precipitation and related wet removal by Arnold et al. (2014) noted
that although the higher resolution analyzed precipitation ﬁeldssition (A), 137Cs air concentrations at Tokai-mura, and particulate 131I air concentrations
n. Measured values are the black lines with open circles and the model predictions are
this ﬁgure legend, the reader is referred to the web version of this article.)
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184 179are more accurate than model predictions of precipitation, there
will be a discontinuities in both space and time between the
radionuclide plumes driven by coarser resolution meteorology and
the analyzed precipitation. The ZAMG modeling approach amelio-
rated this issue somewhat by aggregating the high-resolution
precipitation into coarser spatial and temporal resolution bins.
The performance summary for 137Cs air concentrations is shown
in Table 4. Note that in this case the best performance over all of the
metrics (except CC) comes from the CMC-MESO combination. The
10-member ensemble is 3rd in terms of Rank after the JMA-MESO
calculation. Not surprisingly, the performance for air concentration
is quite different from the deposition results in that one ATDMFig. 5. Similar to Fig. 4, except showing the results fromcombination dominates all the evaluation metrics. Perhaps the fact
that the CMC-MESO calculation did not use the precipitation ﬁelds
for the deposition calculation had a positive inﬂuence on the results
compared with the other models. In terms of the other ﬁndings
with respect to deposition, the air concentration results are similar,
in that calculations using MESO data provide better results than
using global analyses, and that the use of RAP precipitation slightly
degraded the ATDM performance. The latter result is consistent
with the better performance of the CMC-MESO model combination
that does not directly use the precipitation ﬁelds.
The performance summary for 131I particulate air concentra-
tions is shown in Table 5. Computationally the particulate iodine isthe UK Met Ofﬁce model using JMA-MESO data.
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184180treated the sameway as the cesium, except for a different emissions
proﬁle and half-life. Although there are uncertainties in the gaseous
to particulate release ratios of 131I and potential transformations
during transport, the results shown in Table 5 are very similar to the
137Cs results shown in Table 4, again with the CMC-MESO calcula-
tion dominating most of the performance metrics, and the 10-
member ensemble ranking second. These results are perhaps not
unexpected, considering that the 131I emissions were determined in
part by ratios with measured 137Cs (Terada et al., 2012) and dif-
ferences in removal during transport may not be evident for these
short-duration regional simulations.Fig. 6. Similar to Fig. 4, except showing the resultThere is an expectation that ATDM results will be different when
using different meteorological analyses. However, due to differ-
ences in the way meteorological ﬁelds are processed and the way
atmospheric processes are parameterized within the ATDMs, such
as wet deposition, results may also differ between ATDMs when
using the same meteorological data. To illustrate these differences,
the deposition and air concentration time series for 137Cs and
particulate 131I from four different models, all using the JMA-MESO
analyses, are shown in Figs. 4 through 7 (CMC, UKMET, JMA, NOAA).
The results show a transition from a smooth to a more granular
deposition pattern between the CMC and NOAA calculationss from the JMA model using JMA-MESO data.
Fig. 7. Similar to Fig. 4, except showing the results from the NOAA model using JMA-MESO data.
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184 181(Figs. 4Ae7A). It is interesting that although using the same
meteorological analysis, each model can produce quite different
patterns, perhaps understandably at the further distances from the
source, but this is true even in the close-in high-deposition region.
The near-source granularity is not seen in the observed deposition
pattern (Fig. 3) and suggests there are beneﬁts to smoothing some
of the ATDM calculation processes and perhaps provides an addi-
tional explanation of the degradation in ATDM performance when
using the RAP data.
The effect of granularity in the prediction is also evident in the
air concentration time series where the smoother of the four cal-
culations (CMCe Fig. 4B, C and UKMETe Fig. 5B, C) show a reducedrange in the magnitude of the over- and under-predictions
compared with the more granular calculations (JMA e Fig. 6B, C
and NOAA e Fig. 7B, C).
8. Discussion and summary
The comparison of ﬁve different ATDMs using six different
meteorological analyses with measured deposition and air con-
centration data provided some guidance as to howmultiple models
(ATDM and meteorology) can provide more information than the
results from any one model. There was no one ATDM-meteorology
combination that provided the best results for both deposition and
Fig. 8. Similar to Fig. 4, except the results are from the 10-model ensemble mean consisting of different ATDMs and meteorology.
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184182air concentration predictions. In terms of deposition, several
models showed good performance, depending upon the statistical
metric, while for air concentration the CMC-MESO calculation
performed well over several different metrics. However, the 10-
member ensemble tended to be one of the top combinations for
both deposition and air concentration. Comparing the CMC-MESO
calculation (Fig. 4) with the 10-member ensemble (Fig. 8), the
deposition patterns and concentration time series are very similar.
The strength of this approach is that instead of relying upon an
individual ATDM-meteorology combination, when multiple model
results are available, it is possible to create an ensemble mean. In
this situation, because measurement data are available, it waspossible to select a subset of models that provided a better pre-
diction than the ensemble mean of all the models. Although there
may be justiﬁcation for the selection of one model, because mea-
surement data are available in this case, there is no guarantee that
the performance of the selected model will still be the best when
other time periods or locations are selected that are different from
themeasurements used in the evaluation. Other researchers (Riccio
et al., 2012) have developed more quantitative approaches to
selecting ensemble members which has been applied to the
Fukushima accident (Galmarini and Solazzo, 2014).
One issue not addressed directly was the sensitivity of the
evaluation to the source term assumptions. The true source term
R. Draxler et al. / Journal of Environmental Radioactivity 139 (2015) 172e184 183may never be known precisely. A recent study by Kobayashi et al.
(2013) using marine based deposition measurements proposed
substantial increases (double) in the atmospheric emissions over
previously published values (Terada et al., 2012). The TCM-based
calculation approach used here has a lot of merits due to its ﬂexi-
bility to changing the source termwithout rerunning the ATDMs. In
the emission rates used for the evaluation (Fig. 2), one of the larger
releases of 137Cs (2.1 1014 Bq h1) occurred during the 3-h period
starting 2100 UTC on 14March. Increasing the emission rate for just
this one time period by about a factor of four (8.1 1014 Bq h1), so
that it might be more representative of a short-duration explosive
event, changes the deposition performance of the 10-member
ensemble mean model from a Rank of 3.62 to 3.27. This dramatic
change, resulting primarily from increased bias (FB 0.04 to 0.21),
can provide some interpretive guidance to the importance of the
variations in Rank shown in Table 3. Considering that different
meteorological data may have different wind directions during this
critical time, or that different ATDMs handle the wet deposition
differently, supports the argument that an ensemble mean result is
preferable to any one model.
Overall, when comparing multiple ATDMs and different mete-
orological analyses, it was found that the use of high-resolution
mesoscale analyses improved ATDM performance; however, high-
resolution precipitation analyses did not improve ATDM pre-
dictions. This suggests that model performance is not just depen-
dent upon having the best meteorology to drive the calculations,
but also depends upon the pre-processing and other trans-
formations that are required for an ATDM to use meteorological
data. Although a single ATDM could be identiﬁed for either depo-
sition or air concentration calculations, overall, the ensemble mean
provided more consistent results for both types of calculations.
When measurement data are available, it is possible to select a
subset of models that will provide for better performance than the
mean of all the models.Acknowledgments
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